Drinking water contains organic matter that occasionally needs to be treated to assure its sufficient quality and safety for the consumers. H 2 O 2 and UV advanced oxidation processes (H 2 O 2 /UV AOPs) were combined with hydrodynamic cavitation (HC) to assess the effects on the removal of selected organic pollutants. Water samples containing humic acid, methylene blue dye and micropollutants (metaldehyde, diatrizoic acid, iohexol) were treated first by H 2 O 2 (dosages from 1 to 12 mg L -1 ) and UV (dosages from 300 to 2800 mJ cm -2 ) AOPs alone and later in combination with HC, generated by nozzles and orifice plates (4, 8, 18 orifices). Using HC, the removal of humic acid was enhanced by 5-15%, methylene blue by 5-20% and metaldehyde by approx. 10%. Under favouring conditions, i.e. high UV absorbance of the matrix (more than 0.050 cm -1 at a wavelength of 254 nm) and a high pollutant to oxidants ratio, HC was found to improve the hydrodynamic conditions in the photolytic reactor, to improve the subjection of the H 2 O 2 to the UV fluence rate distribution and to enhance the removal of the tested organic pollutants, thus showing promising potential of further research in this field.
Introduction
Organic matter is omnipresent within the sources of drinking water originating from natural processes. Studies are showing that concentrations of total and dissolved organic carbon (TOC and DOC, respectively) in the sources of drinking water have been actually increasing during the last few decades. 1 Although water treatment processes are being researched and developed constantly, natural organic matter (NOM) still presents a challenge due to its effects on water during its collection, treatment and distribution: (i) colourisation, smell and "earthy" taste of the water; 1 (ii) increased demand of chemicals used in water treatment to achieve the treatment goal, since NOM react with the aforementioned chemicals; 1,2 (iii) formation of complexes with (heavy) metals and organic micropollutants that are more difficult to remove; 1, 3 (iv) formation of oxidation and disinfection by-products (DBPs) -especially with chlorine -which are proven to have harmful (carcinogenic, reproductive etc.) effects on the consumers and are contributing to the formation of biodegradable organic compounds that can result in microbiological growth in the distribution system, potentially decreasing the water quality even below allowed standards. 1, 2, 4 The quest of sufficient NOM treatment is therefore almost always present, especially when untreated water contains more than 2 mg L -1 of TOC. Synthetic organic compounds (SOCs) originating from various anthropogenic activities induce reactions in the organisms for which no adequate biological response is available seeing that their presence in the environment is relatively new and no mechanism could be developed to adapt to them so quickly. [6] [7] [8] These chemicals show mostly long-term detrimental effects (carcinogenicity, mutagenicity, genotoxicity, disruption of endocrine system etc.), with already very low concentrations in the range of μg L -1 to trigger them; therefore they are called micropollutants. 8, 6, 7 Due to the presence of numerous species, their harmful effects are multiplied by the so-called "cocktail effect". 9 Their persistency in the environment and the bioaccumulation are of further concern, as well as the challenges of drinking and waste water treatment, since they are poorly responsive to the removal by traditional technologies (e.g. coagulation, flocculation, oxidation, filtration, biological treatment etc.). 8, 6, 9 Advanced oxidation processes (AOPs) have already been well-researched and practically applied for the treatment of recalcitrant natural and synthetic organic pollutants in drinking water.
1,2,4,10 Characteristically, they take place by oxidizing chemical species in water matrix with the highly reactive and non-selective hydroxyl radicals (HO•) which are considered to be the strongest technically applicable oxidants in water treatment with the oxidation potential of 2.81 V. 10 For drinking water treatment, HO• are commonly generated by the combination of strong oxidants, such as ozone (O 3 , 2.07 V) and hydrogen peroxide (H 2 O 2 , 1.78 V) or combination of the latter with the UV irradiation, although with much higher UV dosages than used for disinfection (40 mJ cm -2 ). 10, 11 With the advances in the efficiency of the equipment used, H 2 O 2 /UV AOPs are nowadays considered both technically and economically attractive for full-scale applications worldwide. 1, 2, 4, 6, 10 Nevertheless, to enhance the treatment efficiency and to reduce material and energy inputs (reduced costs per unit of treated volume) extensive research is dedicated to finding synergistic effects of combined treatment processes or to optimising and intensifying the performance of already established technologies.
Hydrodynamic cavitation (HC) has been intensively researched during the past two to three decades as a potential AOP, as it induces effects typical of very low frequency ultrasound applications (range of 10-20 kHz) already investigated in details. 12, 13 Cavitation in general represents the formation, growth, cyclic compression and the rarefaction with the terminal implosive collapse of water vapour bubbles inside otherwise homogenous media, due to the decrease of static pressure below vapour pressure caused by changes in flow geometry (hydrodynamic cavitation), ultrasound, boiling, fast moving objects or particles (ship propellers, pumps), laser and similar. 14, 15 When cavitation bubbles collapse, extreme temperatures (up to 5000 °C inside cavitation bubble) and pressures (approx. 500-1000 bar) can exist locally for micro-to milliseconds. 15, 16 
Apart from the chemical effects, e.g. the formation of hydroxyl (HO•) and peroxyl (HOO•) radicals as well as hydrogen peroxide duo to the homolytic cleavage of water molecules, HC induces mechanical effects on bulk liquid in the form of severe turbulence, shear stresses, velocity and pressure pulsations, shock waves, evaporation and the condensation of the solution constituents etc. 12, 15 HC can therefore be applied also to improve the mass transfer of the applied oxidants or as a hybrid (complementary) process, including disinfection. 12, [18] [19] [20] In this study, the effects of HC on H 2 O 2 /UV AOPs were investigated. HC was generated at the entry point to photolytic plug-flow reactor and the treatment performance was studied on the samples containing methylene blue (MB) dye (an industrial dye, but with a typical reactivity to HO• and therefore highly suitable to assess and compare AOPs), humic acid (HA) as a source of DOC (representing NOM), and selected micropollutants: metaldehyde (common and widespread pesticide), diatrizoic acid and iohexol (X-ray contrast agents used in medical applications).
1,21-24

Experimental
1. Set-up
The system is represented in Figure 1 . Sample water from the tank was drawn via a frequency-controlled circulation pump with 0.75 kW installed power. System was equipped with power consumption meters that enabled the calculation of electrical energy per order of the pollutant removal (E EO ). Water flow, temperature and pressures (at the entry and the exit of UV reactor) were continuously measured with precise electronic instruments. The acquired data were stored in the computer for analyses. H 2 O 2 (30% w/w, Ph. Eur., USP by AppliChem, Darmstadt, Germany) was dosed into the system via a precise metering pump prior to the photolytic UV reactor, from where the water was returned to the tank. Water flow was maintained in the range of 0.20-0.25 L s -1 , depending on the applied treatment configuration. UV reactor (type E10-PH by Wedeco, Germany) consisted of an annular vertical quartz glass pipe (diameter = 61 mm, length = 970 mm), serving as a plug flow photolytic reactor (as shown in Figure 2) , with the arrangement of 6 concentric monochromatic UV lamps, each with power of 12.5 W at a wavelength of 254 nm. The UV lamps were placed outside the quartz glass pipe with reflectors directing the photons towards the centre of the pipe and thus concentrating the UV irradiance in the zone with the highest axial velocity and distributing the UV fluence rate across the cross-section following turbulent hydrodynamic flow pattern (as illustrated in Figure 2 ). The system was equipped with an UV irradiance sensor (type SO13599 by Wedeco, Germany; Resolution 0.1 W m -2 ; Accuracy ± 3%), with 160° opening angle. UV reactor enabled installation of HC generation elements at the entry to the reactor ( Figure 1 ). All the experimental configurations, presented in Table 1 , were used as H 2 O 2 /UV AOPs alone and with the application of HC.
Calibration of Dose-performance of the UV System
Methylene blue water solutions are relatively poorly decolorized by the UV light itself, but are very reactive with HO• generated by, for example, H 2 O 2 /UV AOPs. 23 Therefore, MB can be used as a benchmark test for H 2 O 2 /UV AOPs. 23, 25 In parallel, experiments were run in the H 2 O 2 /UV experimental set-up and on UV-collimated beam device (CBD, type 11-1 by Wedeco, Germany) in petri dishes, where accurate applied UV dosages can be established based on the exposure time of the sample and the known geometry of the petri dish and the UV fluence rate distribution. 23 For a known UV dosage from CBD tests, MB degradation can be determined using the UV-VIS spectroscopy by the reduction of light absorbance (at a wavelength of 610 nm in this research). Results of the CBD tests were compared to the absorbance reduction ob- 
3. Hydrodynamic Cavitation
One of the benefits of HC application is its scale-up possibility. 12, 13, 15 Therefore, this potential was utilized and the experiments were performed using 83 L of the total volume for humic acid and micropollutant removal as well as 50 L for methylene blue removal. The intensity of cavitation phenomena is described by dimensionless cavitation number (C v ): 26 Relatively low NOP was used in this research, namely up to 9 for humic acid and micropollutants removal and between 9 and 12 for methylene blue removal. From the previous research reported in the literature, 15, 26, 27 several dozen to several hundreds of even thousands of passes are required to generate chemical effects that result in detectable amount of radical species to assure chemical oxidation by HC. For NOP in the range up to several dozen mechanical effects of HC would prevail and this has been the case in the present research. Simultaneously, NOP is also a characteristic of H 2 O 2 /UV AOPs without HC, the figure representing the number of passes through the UV reactor (Table 1) . Characteristically, experiments using HC involve external temperature management of the system (e.g. heat exchangers etc.). 16, 26, 28 However, due to the relatively large bulk of the sample volumes (50-83 L), low NOP and short experiment duration, the system was not additionally cooled-down and the temperatures were kept in the range of 23-27 °C for all of the applied configurations.
Various geometry of HC generators was also tested (nozzle with single opening and orifice plates with 4, 8 and 18 openings, Figure 3 and Table 2 ) in relation to the treatment performance of methylene blue decolourization. For the experiments with humic acid and micropollutants only an orifice plate with 8 openings (n = 8) was used for H 2 O 2 /UV AOPs coupled with HC. 
4. Sample Preparation
Experiments were performed using samples of tap water to which prepared solutions of selected pollutants were added. Tap water was supplied from deep wells with practically no turbidity (< 0.06 NTU), no iron and manganese (both < 0.01 mg L -1 ), practically no colour (< 0.001 cm -1 ) and low DOC (< 1.0 mg L -1 ); however with relatively high concentration of carbonate species (total hardness = 3.0-3.3 mmol L -1 as CaCO 3 ) as the potential HO• scavengers (analyses from tap water supplier Stadtwerke Herford GmbH, Herford, Germany; obtained 23.11.2013 ). pH of the solutions was not modified throughout the experiments and was ranging from 7.7 to 7.8.
MB solution for each experiment was prepared by dissolving 0.200-0.210 g of MB hydrate as provided (by Sigma-Aldrich) in 500 mL of demineralized water and added to 50 L of the sample. This resulted in the initial light absorbance of the sample ranging between 0.358-0.375 cm -1 at λ = 610 nm. UVA 254 was in the range 0.168 ± 0.015 cm -1 (the UV light transmission at λ = 254 m of approx. 68% per 1 cm) at the beginning of the experiments.
The solution of humic acid (HA, technical grade, Sigma-Aldrich, CAS: 1415-93-6) was prepared by dissolving HA in demineralized water in volumetric flasks. Mixture was kept in the dark at 20 ± 1 °C for 48 h and mixed completely every 12 h prior to the filtration on laboratory filters (Whatman Ashless Grade 589/3, pore size 2 μm) to remove suspended particles. HA solution was then added to the water sample used in the experimental set-up with 83 L of total volume and DOC concentrations ranging from 1 to 3 mg L 
5. Analytical Methods
UV-VIS spectrometry was performed on a laboratory spectrophotometer (type HACH DR5000, Germany) in 10 mm quartz cuvette with the calibration performed using deionised water (Water for chromatography, LC-MS Grade, LiChrosolv by Merck Millipore). For MB experiments and to detect the colour removal, an absorbance wavelength of λ = 610 nm (A 610 ) was used. For all the experiments the UV absorbance was measured at a wavelength of λ = 254 nm (UVA 254 ). Hydrogen peroxide was determined using a titanium (IV) oxysulfate spectrophotometric method at a wavelength λ = 400 nm. DOC concentrations [mg L -1 ] were determined according to DIN EN 1484 standard, using Shimadzu TOC 5050 analyser.
Analyses of metaldehyde were performed on GC-MS after pre-concentration by solid-phase extraction. GC-MS system consisted of a gas chromatograph 6890 and a mass selective detector MSD 5973, both from Agilent Technologies (Waldbronn, Germany). Chromatographic separation was done on the Rxi-5ms column (by Restek GmbH, Bad Homburg, Germany). 500 mL of water sample were pre-concentrated on 100 mg of a polymeric material (Strata X, Phenomenex). Elution was done with 4 mL of dichloromethane which was then evaporated in a gentle stream of nitrogen to a final volume of 500 μL, and then an aliquot of 10 μL was injected into a GC-MS system. Chromatographic separation was done on Restek Rxi-5 MS column (30 m × 0.25 mm × 0.25 μm). Oven temperature started at 45 °C which was held for 2 minutes and then raised to 160 °C at a rate of 10 °C min -1 . After 3 min at 160 °C, the temperature was raised to 280 °C at a rate of 20 °C min -1 and again held for 5 minutes. The quantification was done against the calibration in MilliQ water. Due to the relatively high concentrations used for the experiments, samples were diluted 1:10 prior to the extraction and thus the levels of quantification (LOQ) for metaldehyde were 0.5 μg L -1 . The analyses of diatrizoic acid and iohexol were performed on HPLC-MS-MS after the pre-concentration by the solid-phase extraction. HPLC-MS-MS system which consisted of a liquid chromatograph 1290 Infinity from Agilent Technologies (Waldbronn, Germany) coupled via an electrospray interface to an API 5500 tandem mass spectrometer (AB Sciex, Langen, Germany). The chromatographic separation was done on a Thermo Fisher Hypersil Gold column (100 mm × 2.1 mm, 3 μm particle size). 200 mL of water sample were adjusted to a pH of 3 and pre-concentrated on 200 mg of a styrene-divinylbenzene copolymer (SDB1, Fisher Scientific). Elution was done with 5 mL of methanol and subsequently with 5 mL of acetonitrile. The elution solvents were evaporated to dryness and the dry residue reconstituted with 500 μL of HPLC grade water. Then an aliquot of 100 μL was injected into a HPLC-MS-MS system. Chromatographic separation was performed by using an aqueous solution of 5 mM ammonium formate and 0.1% formic acid (eluent A), and a solution of 5 mM ammonium formate and 0.1% formic acid in methanol (eluent B) as the elution solvents. The elution gradient started at 95% of eluent A, gradually changed to 15% of eluent B in first 7 minutes, and to 100% of eluent B up to 13 min, then stayed constant for 6 min, and finally adjusted back to 95% of eluent A between min 19 and min 20. Flow rate of the eluent was 0.25 mL min -1 and the temperature of the column oven was set to 40 °C. The detection of both target compounds was done in positive mode applying an ionisation voltage of 5.5 kV. Before and after each series of samples, a control sample and a blank sample were run. Quantification was done against the calibration in MilliQ water. Due to the relatively high concentrations used for the experiments, samples were diluted 1:10 prior to the extraction and thus LOQ were 0.1 μg L -1 for each of the X-ray contrast agents.
6. Removal of the Selected Organic Pollutants
A decrease in the concentrations of the organic pollutants used herein was described through pseudo-first order kinetic equation:
where x 0 is the initial value of the evaluated parameter (A 610 [cm 
Results and Discussion
1. Decolourization of Methylene Blue Solution
As presented in Table 3 and Figures 4-5 , the applied H 2 O 2 /UV AOPs resulted in 40% discoloration of the MB solution at a wavelength of λ = 610 nm at H 2 O 2 dosage of 5 mg L -1 and the UV dosage of 2800 mJ cm -2 and 60% discoloration of the MB solution at a wavelength of λ = 610 nm at H 2 O 2 dosage of 10 mg L -1 and the UV dosage of 1900 mJ cm -2 . In both cases, the overall decolourization of MB was enhanced by the application of HC by up to approx. 15% under the conditions described herein. The results of HC coupled with AOPs are expressed as an average of all the applied HC experiment configurations (Table 2) . From the results obtained, the application of HC obviously improved mass transfer of H 2 O 2 and its exposure to UV irradiation, based on changes in hydrodynamic characteristic in the UV reactor and due to the mechanisms induced by the HC which consequently yielded more HO and hence improved MB decolourization.
UVA 254 
DOC Removal from Humic Acid Solution
As presented in Figure 8 , DOC oxidation in this experiment was apparently a two-stage reaction -initially, at relatively low UV and H 2 O 2 dosages up to 300 mJ cm -2 and 4 mg L -1 , respectively, the removal rate was evident in the same range for H 2 O 2 /UV AOPs alone or coupled with HC. Therefore, the treatment predominately resulted in decolourization at λ = 610 nm, i.e. the decomposition of MB molecules, however, the oxidation products have obviously remained as chromophores (aromatic or molecules with multiple chemical bond) that absorb UV light. 1 To increase UVA 254 reduction, higher dosages of H 2 O 2 should be applied.
2. Influence of HC Generator Geometry on MB Solution Decolourization Efficiency
According to the results of already conducted research on HC, geometry of the generator or constriction (e.g. orifice plates, Venturi, rotation blades etc.) can significantly change the performance of the treatment. 13, 26, 29 Predictions or model forecasts and evaluations on the subject are for now virtually impossible due to numerous influencing parameters and their variations that still have not been researched to the extent allowing for generalisation. 27, 30 Besides the geometry of the HC generators (e.g. hydraulic radii, the number and the distribution of openings of the orifice plates, converging and diverging angles of Venturi injectors etc.), the influence of the inlet and recovered pressures of HC, presence and concentrations of dissolved gasses and process intensifying chemical agents etc., are among the variables that affect the process. 26 The kinetics of MB discolouration using different HC generators are presented in Figures 6 and 7 . The differences in the MB decolourization were not found to be significant (± 5-10% between different applied HC generator geometries), however, the power consumption of the circulation pump to produce C v in the same range could differ by as much as 40% between them (Table 2) , with the 18-opening orifice plate (n = 18) consuming the least and the nozzle (n = 1) the most energy. Of the HC generators tested, the nozzle also resulted in lower MB decolourization than the other geometries ( Figures 6 and 7 ), especially at H 2 O 2 dosage of 10 mg L -1 , while orifice plates with n = 4 and 8 were performing better (both in the same order of magnitude) and the orifice plate with n = 18 in the range between the other types. Depending on the observations made, the results of other research 13, 26 can be supported and we could not generally and conclusively declare the best performing HC generator geometry, although from the MB decolourization results and electrical energy consumption, orifice plate with 8 openings was found to be optimum following the conditions of the experiment. Derived for the results obtained herein, the evaluations of the most optimal HC generator type and the geometry intended for a hybrid AOP are suggested for each experimental set-up configuration, type and concentration of the pollutants, characteristics of the water matrix and the dosages of the simultaneously applied oxidants (e.g. H 2 O 2 , UV, O 3 etc.). significantly higher than at the increased dosages of the applied oxidants. The first stage represents conditions of the relatively high DOC concentrations and the relatively high UVA 254 values at the start of the experiments (Table 4 ). The second stage represents the conditions of the relatively lower DOC concentrations and lower UVA 254 . H 2 O 2 /UV AOPs alone were able to reduce approx. 15-23% of DOC under herein described conditions, whereas coupling the processes with HC resulted in approx. 30-50% better DOC reduction, comparatively (Table 4) . Apparently, the application of HC resulted in improved DOC removal, especially in the first stage, which again leads to the understanding of advantages of such hybrid H 2 O 2 /UV AOPs. Moreover, due to relatively high UVA 254 in the first stage, the benefits of HC application are emphasized in less favourable conditions for UV photolysis. Related to UVA 254 , both experiment configurations gave a comparable range of reduction, eventually approx. 45% at the highest dosages of the applied oxidants (Table 4) .
4. Removal of Micropollutants
These sets of experiments were performed by the application of 10 mg L -1 of H 2 O 2 and only UV dosages were varied between 450 and 2700 mJ cm -2 . Contrary to the experiments with MB and HA, water matrix used herein (described in Section 2.4), had only a very low UVA 254 , namely 0.017 ± 0.02 cm -1 . Diatrizoic acid and iohexol (referred to as contrast agents) are both relatively highly susceptible to treatment by the UV irradiation and H 2 O 2 /UV AOPs. 23 The required UV dosages for achieving the same degree of removal in the performed experiments were approx. 4-4.5 fold lower than the ones for the treatment of metaldehyde, which is much more recalcitrant, as presented in Figure 9 . Moreover, the investigated contrast agents show roughly the same removal rates during the herein described conditions, therefore the representation in Figure 9 relates to both. Since the LOQs possible by the analytical methods used (0.5 μg L -1 for metaldehyde and 0.1 μg L -1 for the contrast agents) were reached by applying the relatively low UV dosages in the case of the contrast agents, their removal was only observed in the range up to 450 mJ cm -2 , where already 90-95% removal had been reached. The removal of metaldehyde of the same order of magnitude was only reached applying the UV dosages in the range of 2000-2700 mJ cm -2 . The application of HC was not found to improve the removal of the contrast agents under the conditions described herein or was even lowering the removal rate by approx. 5%. In the case of metaldehyde that is much more persistent, HC was able to improve the removal rate by approx. 10% at the UV dosages above 1350 mJ cm -2 . Nevertheless, taking into account the uncertainties related to the methods applied, distinct benefits of HC applications were not as obvious as in the case of MB or HA removal (Sections 3.1.1 and 3.1.3). Here the pollutants' concentrations were higher by about 3 orders of magnitude and the UVA 254 was comparatively much higher, with the latter representing much less favourable conditions for photolysis based H 2 O 2 /UV AOPs. In the case of the micropollutants removal, water matrix was of much lesser UVA 254 , and the ratios of the dosages of applied oxidants over the quantity of the pollutants were approx. 3 orders of magnitude higher than in the case of MB and HA experiments. Altogether, these conditions did not emphasize the potential be- nefits of HC effects that were much more obvious for the other experiments described herein.
5. Influence of HC on Hydrodynamic and Photolytic Conditions Inside the UV Reactor
Much effort is put into the design of the efficient fluence rate distribution in the photolytic UV reactors, where the optimal distribution of UV lamps and flow pattern play a major role. 31 The latter issue is commonly addressed applying various flow diverters, baffle plates or similar flow conditions optimizers. Potentially, the application of HC can be considered among the measures of addressing these challenges, as shown herein.
When operated without the HC, the flow pattern through the UV photolytic reactor used herein was subjected to typical plug-flow conditions and turbulent velocity profile, as presented in Figure 10 a.). Reynolds number was calculated using the term: 32 The mean velocity of the water flow was quasi-constant in the range of 0.68-0.72 m s -1 and Re in the range of 4200-5200. Based on the theoretical grounds, the mean flow velocity in the cross-section ranges between 0.80-0.87 of the maximum flow velocity in the centre of the pipe, which causes turbulent eddies near the pipe walls. 32 These eddies are dissipated in the flow as it passes along the axis of the reactor and result only in relatively low radial and counter-current turbulence. Therefore, in the Sections 1, 2 and 3 of the UV reactor (Figure 10 a.) , along its longitudinal axis, the flow conditions can be considered equal.
HC severely changed the hydrodynamic conditions inside the chamber where it took place. It has to be noted that the hydrodynamic phenomena caused by HC are modelled by the complex hydraulic models and is the subject of numerous past and current research. [33] [34] [35] The description herein is provided solely for the readers to conceive the matter in an easier way. At the throat of the constriction the calculated v was approx. 40 m s -1 (Table  2) and Re was approx. 1.02 · 10 5 , representing very intensive turbulence. As the flow cross-section increased to the one of the photolytic reactor (Figure 10 b., cavitation zone between Sections 2 and 3), the turbulent effect diminished along the longitudinal axis and returned to plug-flow conditions (Figure 10 b., Section 3), which is typical of the flow without the application of HC. If the Borda-Carnot model was assumed and generalized to this case, the length of the dissipation of the turbulence after the HC generators was approx. 8-10 fold of the difference between downstream and upstream pipe diameter (HC generator in this case), before the expansion. Between Sections 1 and 2 and especially between Sections 2 and 3 in Figure 10 b.), the influence of HC was expressed in intensive radial and counter-current turbulence. Nevertheless, the mean velocity across the UV reactor in Sections 2 and 3 is maintained the same (mass conservation). The behaviour of such a water flow pattern was obviously improving the mass transfer of H 2 O 2 related to the reactions in the unevenly distributed UV fluence rate as illustrated in Figure 2 . From the results presented in Section 3.1, H 2 O 2 mass transfer could be improved thereby, especially in the conditions of the relatively high UVA 254 and pollutants concentrations (MB and HA).
Related to the influence of HC on photolytic reactions, Figure 11 displays the UV light fluence rates E o [W m-2] at λ = 254 nm during the MB treatment by H 2 O 2 /UV AOPs alone and coupled with HC, measured by the UV sensor in the cavitation zone ( Figure 10 ). Based on the theoretical aspects described by Bolton 31 , for the same (relatively high) range of UVA 254 of the matrix (0.168 ± 0.015 cm -1 ), lower values of the senor readings in HCcoupled configurations represent the conditions, in which more UV photons were consumed by the water matrix. This implies more reactions of UV with H 2 O 2 to yield HO• or the direct photolysis of the pollutants (the other way around, less UV photons reached the UV sensor), which correlates with the higher removal rates of the MB when HC was applied. Although the differences in the UV sensor readings between H 2 O 2 /UV AOPs and these coupled with HC are only in the range of 5-10% (Figure 11 ), this value was sufficient enough to increase the MB decolourization by approx. 15%.
On the opposite side, micropollutants experiments were performed using water matrix with a very low UVA 254 , i.e. 0.017 ± 0.02 cm -1 . Much higher absolute fluence rate values for these sets of experiments compared to MB decolourization, in the range of approx. 184-196 W m -2 and 73-79 W m -2 , respectively, are a consequence of low UVA 254 (much less UV photons are absorbed by the matrix). As shown in Figure  12 , the sensor readings were practically the same for H 2 O 2 /UV AOPs alone or these coupled with HC, or the latter were higher. On the grounds explained above, these observations can be correlated to the results of the micropollutants removal, where the application of HC did not contribute significantly to the overall removal rates.
6. Energy Efficiency of the Treatment
To assess the energy efficiency, electric energy per order (or 90%) of removal E EO [kWh m -3 order -1 ] of the selected evaluated parameter was calculated using the term:
where P [kW] is the electrical power consumption of the experimental setup, measured using the power meters installed on the experimental set-up, x 0 is the initial value of the evaluated parameter (A 610 [cm Table 1 ) and x t the value of the same evaluated parameter at experiment time t [h]. The P for the experiments without the application of HC was 0.73 kW, whereas the P for the HC-coupled experiments was 0.98 kW, including the power consumption of the UV photolytic reactor. The application of HC requires additional driving force to reach its adequate conditions compared to H 2 O 2 /UV AOPs alone. For comparability, all results of HC treatment are expressed using an orifice plate with 8 openings (n = 8). UV/H 2 O 2 AOPs alone could be operated under 1 bar of pressure in the photolytic reactor, whereas the application of HC to reach C v conditions described in Table 2 , required pressures of 6-8 bar at the inlet of HC generators, thus increasing the energy consumption by approx. 25% to increase the pressure from the circulation pump. Nevertheless, as provided in Table 6 , in the case of the MB decolourization and the DOC removal, H 2 O 2 /UV configuration applying HC as a hybrid process was as energy efficient as the H 2 O 2 /UV AOPs alone. In these two cases the overall removal efficiencies were also increased by the application of HC, justifying the additional energy input. On the other hand, micropollutants in general, and especially the contrast agents, were more efficiently removed without the application of HC. Regarding metaldehyde, further research would be required using different geometries of the HC generators to establish the optimum configuration and possibly reach the same or lower E EO than for the H 2 O 2 /UV AOPs alone. 
Conclusions
The effects of the treatment by H 2 O 2 /UV AOPs alone and those coupled with hydrodynamic cavitation on the decolourization of methylene blue solution, removal of dissolved organic carbon from the samples containing humic acid and the removal of metaldehyde, diatrizoic acid and iohexol as micropollutants were investigated. From the conducted research and under herein described conditions, the application of HC resulted in:
· Increased turbulence throughout much of the plugflow UV reactor (cavitation zone), with much higher dispersion and diffusion in the form of increased radial and counter-current turbulent eddies, thus improving the exposure of the sample to the uneven UV fluence rate distribution at a given cross-section of the reactor in the cavitation zone; · Improved H 2 O 2 mass transfer and a higher yield of radical species (HO• and HOO•) that was expressed in the increased removal rate of the investigated organic pollutants. The potential benefits of the HC application as a hybrid process to H 2 O 2 /UV AOPs were emphasized in the conditions of relatively:
· High UV absorbance (at λ = 254 nm) and colourization of the matrix, i.e. unfavourable conditions for the efficient fluence rate distribution in the photolytic reactor; · High pollutant concentrations; · Low dosages of H 2 O 2 and UV; · Low ratio of (photo-) oxidants dosages to pollutant concentration. Due to the fact that HC enables scale-up from laboratory-and pilot-size to full-scale applications, further research and development of the HC generators geometry and the layout of the installations (optimized hydrodynamic conditions) is possible, yielding potentially more effective hybrid H 2 O 2 /UV AOPs for the removal of recalcitrant organic pollutants, especially in the conditions where the UV fluence rate distribution is less favourable. From the challenges awaited along this path, the issues of material wear and durability of the HC generators as well as the fact that exposure to adequate HC conditions requires additional energy input and conditions, limited by hydrodynamic parameters that potentially increase the treatment time to induce sufficient number of passes through the system, are among the ones that need to be addressed to increase the efficiency and practicability of this technology in the future. As shown by this study, coupling HC with H 2 O 2 /UV AOPs can be of interest for further research and development and could be transferred to practical or industrial applications.
